The ð ffiffiffi 3 p Â ffiffiffi 3 p ÞR30 honeycomb of silicene monolayer on Ag(111) was found to undergo a phase transition to two types of mirror-symmetric boundary-separated rhombic phases at temperatures below 40 K by scanning tunneling microscopy. The first-principles calculations reveal that weak interactions between silicene and Ag(111) drive the spontaneous unusual buckling in the monolayer silicene, forming two energy-degenerate and mirror-symmetric ð ffiffiffi 3 p Â ffiffiffi 3 p ÞR30 rhombic phases, in which the linear band dispersion near the Dirac point and a significant gap opening (150 meV) at the Dirac point were induced. The low transition barrier between these two phases enables them to be interchangeable through dynamic flip-flop motion, resulting in the ð ffiffiffi 3 p Â ffiffiffi 3 p ÞR30 honeycomb structure observed at high temperature. Silicene, a sheet of Si atoms arranged in a honeycomb lattice analogous to graphene [1] , does not exist in nature but has been theoretically predicted [2] [3] [4] and successfully prepared on metal [5, 6] and semiconductor surfaces recently [7] . Experiments reveal similarities between silicene and graphene: honeycomb structure, linear dispersion of the electron band, as well as high Fermi velocity (10 6 m=s) [3, 4] . The stronger spin-orbit coupling (SOC) in Si than in C is also intriguing since it may induce possible quantum spin-Hall effect (QSHE) [4, 8] and quantum anomalous Hall effect (QAHE) [9] . Because of the large Si-Si bond length and partial sp 3 hybridization, free-standing silicene maintains a nonplanar, so-called low-buckled (LB) geometry with reduced symmetry as compared with 1 Â 1 graphene [3, 4] . Experimentally, silicene grown on an Ag(111) surface exhibits a variety of different structural phases such as 4 Â 4 [6, [10] [11] [12] [13] ) superstructure through the observation of quasiparticle interference (QPI) patterns in scanning tunneling microscopy (STM) dI=dV maps [5] . However, extensive first-principles calculations so far, with or without the Ag(111) substrate, have not been able to reproduce the ffiffiffi 3 p superstructure [4, 14] . As a result, the atomic arrangements in the honeycomb ffiffiffi 3 p phase structure remain illusive. It is a challenge that one has to overcome in order to further explore novel physics of silicene such as QSHE and to realize potential spintronics applications.
In this Letter, the origin of the peculiar ffiffiffi 3 p phase of silicene on Ag(111) is resolved through an experimental discovery of a dramatic low temperature phase transition in silicene. Below 40 K we observed a spontaneous symmetry breaking of silicene sheet on the Ag(111) surface, by forming two mirror-symmetric rhombic ffiffiffi 3 p superstructures. In calculations, we show that it is the dispersive interaction between the Si atom and the Ag substrate that drives the formation of the two mirror-symmetric ffiffiffi 3 p superstructures. The unusual buckling of Si atoms in the ffiffiffi 3 p structure induce a large gap (150 meV) at the Dirac point (DP), which may help to realize detectable QSHE and other device applications. Our results not only elucidate the origin of the ffiffiffi 3 p Â ffiffiffi 3 p superstructure and the nature of honeycomb to rhombic phase transitions in epitaxial silicene but also provide profound implications that weak dispersive interactions might tip the balance among various competing epitaxial structures and result in rich interface phenomena.
The experimental conditions and sample preparation were identical to that in Ref. [5] . The monolayer silicene film on Ag(111) exhibits a honeycomb structure with a period of 0:64 AE 0:01 nm [ Fig. 1(a) ], corresponding to the
superstructure with respect to the silicene 1 Â 1 lattice, for sample temperature at 77 K or up to room temperature. The ð ffiffiffi 3 p Â ffiffiffi 3 p ÞR30 structure can be confirmed by the low energy electron diffraction (LEED) pattern shown in Fig. 1(b) . We found that there are four predominant orientations of silicene with reference to the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction of Ag(111): 0 , AE10 , and 30 . More intriguingly, when the sample is cooled to liquid helium temperature (5 K), a dramatic structural phase transition occurs, which is characterized by the appearance of atomic chains forming interconnected triangles [ Fig. 1(c)] . A close inspection reveals that these are boundaries separating two symmetric domains, as shown in Fig. 1(d) . At 77 K, the two neighboring protrusions in each honeycomb unit cell are equally bright. While upon the phase transition, one of them becomes much brighter than the other, showing an apparently rhombic ffiffiffi 3 p superstructure [ Fig. 1 (e)]. As there are two possible configurations, the surface is phase separated into triangular domains with either one of the two symmetric configurations, separated by narrow domain boundaries where the neighbor protrusions are identically bright, as indicated by the yellow rectangle in Fig. 1 
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week ending 22 FEBRUARY 2013 0031-9007=13=110 (8)=085504 (5) 085504 - To deduce the quasiparticle energy-momentum dispersion relation, we drew the EðÞ curve in Fig. 2(f) , where is the radius of the constant-energy circle at K point with 2 ¼ jq 1 j, and q 1 is the intravalley scattering wave vector. The values of q 1 are determined by measuring the wavelength of QPI patterns in dI=dV maps. We found varied linearly with energy, with Fermi velocity V F ¼ ð0:97 AE 0:02Þ Â 10 6 m=s. The ¼ 0 energy intercept gives the Dirac energy, E F À E D ¼ 0:50 AE 0:02 eV, in consistency with the position of DP in dI=dV spectra [ Fig. 1(f) ] very well. The electronic structure of silicene is similar to each other for the low temperature and high temperature phases, except for a slightly smaller Fermi velocity for the phase at 5 K than that at 77 K [ð1:2 AE 0:1Þ Â 10 6 m=s; see Ref. [5] ]. The observed ffiffiffi 3 p superstructure, as well as the temperature-induced phase transition, is absent in graphene [1] and boron nitride [15] , which possess similar two-dimensional honeycomb structures. Previously, extensive first-principles calculations have all pointed out that a freestanding silicene monolayer adopts a general LB geometry [3, 4] , in which three alternative atoms in a hexagonal ring are buckled upward, leading to a 1 Â 1 structure in STM images. However, the ffiffiffi 3 p superstructure has never been reproduced so far by first-principles calculations with or without the Ag substrate [10, 11, 14] . In a previous work, we had proposed a phenomenological, compressed ffiffiffi 3 p model, which features double side buckling [5] . However, this model does not form spontaneously on Ag(111), and it failed to explain the low-temperature phase transition either. It should also be noted that the ffiffiffi 3 p superstructure is not from the lattice commensuration between the silicene and Ag(111), since there are four different orientations of silicene with respect to Ag(111), as shown in Fig. 1(b) .
It is well known that both conventional local density approximation (LDA) and general gradient approximation (GGA) in the density functional theory (DFT) framework cannot accurately describe the noncovalently bonded silicene-substrate interaction, which may play a critical role in the formation of the ffiffiffi 3 p superstructure. Fortunately, dispersion corrected DFT methods have been developed in recent years, such as density functionals that could account for nonlocal van der Waals (vdW) interactions, namely, the vdW density functionals (vdW-DF) [16] . The vdW-DF approaches have been successfully applied in a variety of adsorption systems [17, 18] with a better reproduction of geometry and interaction energy of layered materials and molecules adsorbed on metals. Therefore, in our present calculations we include the dispersive interaction and perform a structural search for the Si monolayer adsorbed on Ag(111) [19] .
To match the experimental observations, we adopted a variety of prototype supercells to model epitaxial silicene, each having a distinct orientation with respect to the underlying Ag(111) lattice: Fig. 3 ). In each ffiffiffi 3 p Â ffiffiffi 3 p unit cell, only one Si atom is buckled upward (red spheres in Fig. 3 ), whereas the other five Si atoms have almost the same lower height (yellow spheres in Fig. 3 ), resulting in a rhombic ð ffiffiffi 3 p Â ffiffiffi 3 p ÞR30 superstructure. The rhombic ffiffiffi 3 p silicene has a much larger buckling height (about 1.2 Å ) than that in freestanding (1 Â 1) silicene (0.4 Å ) [3] , as well as smaller Si(upper)-Si(lower) bond angles (102 -107 ), indicating a stronger sp 3 hybridization involved. The two types of rhombic ffiffiffi 3 p superstructures accord with the two mirror-symmetric phases observed in low temperature experiments [ Fig. 1(e) ] very well. We note that in the rhombic ffiffiffi 3 p structure, these buckled Si atoms locate on the hollow, bridge, or even top sites of silver substrate, implying the interaction between silicene and Ag (111) , which are obtained from DFT optimization in the case of both lattices of ffiffiffi 3 p silicene and silver substrate having identical direction. Color code: Blue, yellow, and red spheres denote Ag atoms, Si atoms in lower layer, and Si atoms in higher layer, respectively. The red triangles in (a) and (b) denote the orientations of the buckled Si patterns with respect to Ag(111).
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Based on our DFT calculation, the two mirror symmetric rhombic ffiffiffi 3 p superstructures have the same binding energy. Using a simple interpolation-scanned potential energy surface, the phase transition between the two structures is found to be quite easy, with a roughly estimated barrier of 38 meV per Si atom, as shown in Fig. 4(a) . Such a low barrier allows the phase transition to be thermoactivated at temperatures of dozens of Kelvin. That is to say, the six Si atoms around the center of the hexagon will be flip-flopped so quickly that the STM scanning cannot follow such changes. As a consequence, a honeycomb ffiffiffi 3 p superstructure would be observed at higher temperatures [shown in Fig. 4(b) ]. The similar temperature-induced phase transitions have been known for Si(100)-1 Â 2 [23] and Si(111)-Ag(
) surfaces [24, 25] . Especially for the latter system, the STM appearance, domain boundaries, and transition barriers are all similar to that in silicene [26, 27] . In STM experiments at 5 K, we found that the domain boundary may be lateral shifted suddenly during scanning [shown by the arrows in Fig. 1(c) ], which means the two kinds of rhombic ffiffiffi 3 p structures can be transitioned into each other through the activation by electronic field between the tip and substrate. Additionally, we tried to control this structure transition through applying a bias pulse on the center of a domain, and then we found a small new triangular domain with an opposite mirror symmetry formed at the pulsing position [Figs. 4(c) and 4(d)].
The reduced crystalline symmetry and the stronger buckling of Si atoms are believed to influence the electronic structures of silicene. We calculated the band structure of the ffiffiffi 3 p superstructure (without Ag), as shown in Fig. 4(e) . For comparison, the band structure of the unreconstructed silicene 1 Â 1 phase was also displayed in Fig. 4(f) . Similar to the unreconstructed phase, the 1 and 1 Ã bands of the reconstructed phases, which are contributed from p z orbitals of Si atoms in the lower layer, maintain the linear energy-momentum dispersion at the À point [K and K 0 points in the Brillouin zone of (1 Â 1) phase are folded onto the À point in the Brillouin zone of the
ÞR30 superstructure] and charge carriers behave as Dirac fermions. Moreover, a significant gap at the DP ($ 0:15 eV) is opened for the ffiffiffi 3 p phase. This gap opening should be the result of the high buckling reconstruction in the ffiffiffi 3 p phase, which largely distorts the delocalized molecular orbital parallel to the silicene surface. However, STS reflects the total local density of states (LDOS) of the sample, and the LDOS of the underlying Ag(111) substrate contributes to STS strongly and may cover the gap at DP. So such a big gap was not observed in dI=dV curves in STM experiments. It is interesting to note that there is a flat band [red line in Fig. 4(e) ] going through the center of the gap at DP in the ffiffiffi 3 p phase. This band is mainly contributed by the p z atomic orbitals of three Si atoms next around the high buckled atom and will be filled with electrons transferred from the Ag(111) substrate when silicene is adsorbed onto Ag(111). As a consequence, the -bond-like interaction between low-layer Si atoms and Ag substrate will be formed, which is an important factor for the stabilization of the ffiffiffi 3 p silicene monolayer adsorbed on Ag(111). Indeed, the ffiffiffi 3 p superstructure is spontaneously relaxed back into (1 Â 1) phases without the Ag substrate in the calculations. Similar to the adsorption of organic molecules on Ag(111) [28, 29] , the Shockley surface state in the Ag(111) surface may be modified by the adsorption of silicene, which will be involved in charge transfer from Ag(111) to silicene.
The dynamic ffiffiffi 3 p phase of silicene on Ag(111) is energetically stable and contains linear dispersion in the electronic bands. Therefore, it must share the same nontrivial topological properties as the freestanding, lowbuckled silicene. The first principles calculation shows the gap induced by unusual buckling of Si is larger than 100 meV, corresponding to a temperature higher than room temperature, making silicene an ideal system for future device applications. The stronger buckling of the ffiffiffi 3 p superstructure than that of the freestanding 1 Â 1 phase may result in stronger SOC, which will help to realize the QSHE [4] and QAHE [9] . Moreover, understanding the structure of silicene on metal surfaces will build a base for investigating other important physical phenomena such as superconductivity [30] [31] [32] . In experiment, the synthesis of large area silicene on insulating substrate with a high dielectric constant will be the next challenge.
This 
